C
ofermentation of glucose (G) and xylose (X) is critical for bioconversion because they are present in virtually all enzymatic hydrolysates of pretreated lignocellulose (4, 47) . Their sequential utilization extends fermentation times and can result in incomplete substrate consumption if products reach inhibitory levels before slowly utilized sugars are consumed (14) . Moreover, cofermentation of xylose with cellobiose (Cb) could reduce enzyme costs and facilitate simultaneous saccharification and fermentation. Glucose represses utilization of xylose, cellobiose, or other carbon sources in most microbes (11, 12) . This is a problem that can be addressed through metabolic engineering or strain selection.
Placing genes for xylose or cellobiose assimilation under the regulation of constitutive promoters or altering transcriptional activators (42) can relieve glucose repression (21) . For example, coutilization of glucose and xylose (10, 25) and of cellobiose and xylose (35) by engineered Saccharomyces cerevisiae can produce 60 g/liter ethanol in 72 h from pure sugars (13) . However, even when heterologous genes for assimilation are expressed under constitutive promoters, coutilization with glucose is problematic because the affinities of yeast monosaccharide transporters are 8 to 100 times higher for glucose than for xylose (36, 37) . This problem can be addressed by introducing heterologous transporters with a higher affinity for xylose. For example, Saccharomyces cerevisiae TMB34006, engineered with the glucose/xylose facilitator Gxf1 from Candida intermedia (34) , shows 1.2-to 2-fold higher rates of xylose uptake when the initial glucose concentration is less than 5 g/liter (10) . To accommodate higher rates of xylose transport, downstream reactions in the xylose metabolic pathway must be overexpressed, but cofactor imbalances limit xylose assimilation in the presence of glucose (25) and reduce its contribution to metabolic flux (10) . Cofermentation of xylose and cellobiose is less difficult because cellobiose, a disaccharide, does not compete with xylose transport (13) .
Systematic modeling and metabolic engineering can modify S. cerevisiae to address these problems, but this yeast does not provide a useful model for how overall metabolic flux is natively regulated during cultivation on xylose. In fact, aside from a few studies of genes and enzymes induced during the assimilation of xylose and the induction of pyruvate decarboxylase under oxygen limitation (31) , very little is known about how native xylose-fermenting yeasts mediate the simultaneous metabolic demands for cell growth and product formation during ethanol production on xylose. Most native xylose-fermenting yeasts such as Scheffersomyces (Pichia) stipitis (26) do not coutilize glucose and xylose, largely because glucose represses the genes for xylose assimilation (16) . However, this does not appear to be the case for all yeasts.
In the present work, we report that an unusual native xylosefermenting yeast, Spathaspora passalidarum NN245 (15, 30, 46) , coassimilates xylose and glucose aerobically, uses xylose faster than glucose when the sugars are presented individually, and coferments glucose, xylose, and cellobiose from mixtures of pure sugars or hydrolysates under oxygen-limiting conditions. These features make S. passalidarum potentially useful for simultaneous saccharification and fermentation (SSF) and for studying enzymatic and regulatory mechanisms enabling simultaneous utilization of cellulosic and hemicellulosic sugars.
MATERIALS AND METHODS
Organism, medium, and culture conditions. Spathaspora passalidarum NN245 (NRRL Y-27907, CBS 10155, MYA-4345) (30) was used for all experiments and adaptations reported here. Cultures were maintained on YPX agar plates, containing 10 g/liter yeast extract, 10 g/liter peptone, 20 g/liter xylose, and 20 g/liter agar. Inocula were cultivated overnight in 50 ml of YP broth, containing 20 g/liter yeast extract, 10 g/liter peptone, plus 20 to 60 g/liter G, X, or Cb. The cultivation was then transferred to defined minimal medium and grown to an appropriate cell density. All flask cultivations were carried out at 30°C in 125-ml polycarbonate flasks (GeneMate) fitted with membrane filters for aeration. Aerobic and oxygen-limited inoculum preparation conditions were 200 rpm and Յ0.2 g/liter cell dry weight (cdw) and 100 rpm and Ն1 g/liter cdw, respectively. Defined minimal medium (CBS) containing nitrogen, trace metal elements, and vitamins was used in all bioreactor cultivations. It contained 2.4 g/liter urea, 3 g/liter KH 2 PO 4 , 0.5 g/liter MgSO 4 · 7H 2 O, 1 ml liter Ϫ1 trace element solution, 1 ml liter Ϫ1 vitamin solution, and 0.05 ml/liter antifoam 289 (A-8436; Sigma) (modified from the medium described in reference 44). Carbon sources consisted of D-glucose, D-xylose, or a mixture of xylose with glucose and/or cellobiose. Maple hemicellulose hydrolysate (MHH) medium consisted of a 9:1 (vol/vol) mixture of MHH (41) and 10-fold-concentrated CBS basal defined minimal medium. Supplemental glucose was added to the hydrolysate to attain 65 g/liter xylose and 35 g/liter glucose. Control medium contained the same sugars in CBS defined minimal medium. The starting inoculum was 0.8 mg cdw/ml. AFEX hydrolysate medium (27, 47) (39, 40) , and the pH was kept constant at 5.0 Ϯ 0.1 by automatic addition of 5 N KOH. All fermentation kinetics and metabolite levels are reported as averages of biological duplicates. The oxygen transfer rate (OTR) was calculated using the gassing out method based on kinetic oxygen measurements (38) . The dissolved oxygen level (dO 2 ) was monitored using an InPro 6800 oxygen sensor. Oxygen transfer rates were measured independently in four bioreactors at two agitation rates using air and a 90:10 mixture of N 2 and air (see Table S1 in the supplemental material). The bioreactor was sparged with air at 0.5 liter/min (0.25 volume/volume minute [vvm] , 500 rpm). Full air saturation (100% of scale) was set after reaching equilibrium. Under these conditions, the OTR was estimated to be 13.56 Ϯ 2.33 mmol O 2 /liter · h. The zero level was set following equilibrium when sparging with nitrogen. Fully aerobic cultures (see Fig. 1 ) were sparged with 1 vvm air and agitated at 700 rpm. For oxygen-limited fermentation of glucose or xylose, the airflow was set to 0.25 vvm, while a dissolved oxygen (dO 2 ) controller (New Brunswick) maintained agitation over the range of from 150 to 300 rpm to attain 10% saturation (ϳ2.1% dO 2 ). Once the growth phase was complete (Fig. 2, arrow 1) , air was replaced with a mixture of 90% N 2 and 10% air to attain a mole fraction of O 2 in the gas phase. The dO 2 controller was set to a range of 300 to 500 rpm, and ethanol production ensued (see Fig. 2 ). In the glucose, xylose, and cellobiose cofermentation (see Fig. 4 ) and in the MHH fermentation (see Fig. 5 ), the bioreactors were equilibrated with 90% N 2 and 10% air (2.1% O 2 ) from the start, and the dO 2 controller was set to a range of from 400 to 500 rpm.
Adaptation and fermentation. For cofermentation, S. passalidarum was propagated first in four 50-ml aliquots of YPX-Cb medium (45 g/liter X, 25 g/liter Cb) in 125-ml Erlenmeyer flasks shaken at 200 rpm at 30°C.
After 24 h, these cultures were used to inoculate four 200-ml volumes of CBS X-Cb medium in 2-liter Erlenmeyer flasks, which were incubated at 150 rpm and 30°C for 24 h. Each bioreactor was inoculated with 200 ml of S. passalidarum broth into a final volume of 2.0 liter of CBS X-Cb or CBS G-X-Cb medium. S. passalidarum strain AF2 was adapted by two passages (total, ϳ11 doublings) of NRRL Y-27907 in 50 ml wood hydrolysate medium under oxygen-limiting conditions (20) . It was then adapted to grow in AFEX corn stover hydrolysate under oxygen-limiting conditions for ϳ5 doublings. S. passalidarum E7 was derived from NRRL Y-27907 by cultivation in wood hydrolysate corn stover hydrolysates for 2 months (54 doublings) under oxygen-limiting conditions. Spent broth and cells of strain E7 were directly transferred from an adaptation flask containing stover hydrolysate into 500-ml Erlenmeyer flasks containing 120 ml MHH plus CBS medium to create inocula for 2-liter bioreactors. Inocula were cultured at 150 rpm and 30°C, and then cells plus whole broth were added to Bio Flo 110 3-liter bioreactors for a total working volume of 1.2 liters. The inoculum grown in MHH was transferred into bioreactors containing CBS medium plus MHH, and the inoculum grown with synthetic medium was transferred into bioreactors containing CBS synthetic medium plus sugars. The bioreactors were sparged at 0.3 liter/min (0.25 vvm) with a mixture of nitrogen and air at a 9:1 ratio to attain ϳ2.1% O 2 saturation. Agitation was controlled between 400 and 500 rpm to maintain saturation. After 12 h, 500-rpm agitation could not meet the oxygen demand of the growing culture, and measurable O 2 levels declined to nearly zero.
Sampling, extraction, and metabolite analysis. Each 5-ml culture sample was rapidly withdrawn and injected by syringe into 20 ml of 60:40 methanol-H 2 O in a 50-ml conical centrifuge tube that had been equilibrated at Ϫ80°C. The cell-medium-methanol mixture was immediately vortexed thoroughly, held briefly (Ͻ4 min) in an acetone-dry ice bath, and then centrifuged for 12 min at Ϫ9°C. The methanol-water supernatant solution was decanted, and the frozen cell pellet was stored at Ϫ80°C until extracted. Metabolite analysis followed the method of Rabinowitz and Kimball (33) . Nucleotide phosphates, organic acids, sugar phosphates, and phosphorylated intermediates of glycolysis were analyzed by ion chromatography coupled to electrospray ionization-tandem mass spectrometry (ESI-MS/MS) using minor modifications to a previously described method (43) . The column (IonPac AS-11HC; Dionex, Inc.) was equilibrated with 0.5 mM NaOH, and metabolites were eluted with 100 mM NaOH. An Agilent 1200 high-performance liquid chromatography system with a gradient pump, micro-vacuum degasser, and chilled autosampler (4°C) was employed. The same equipment was used to analyze the extract in positive-ionization mode to quantify 21 amino acids by the method of Bajad et al. (1) . Instrumental precision was estimated by comparing five replicate injections of a mixture of 12 of the reported compounds (pyruvate, malate, succinate, glucose-6-phosphate [G6P], 2-ketoglutarate, fumarate, citrate, isocitrate, fructose-1,6-bisphosphate, AMP, ADP, and ATP). Relative standard deviations ranged from 22.0% to 2.6%, with an average of 8.9% for all 12 compounds.
For routine sugar consumption and end product analysis, 1.0 ml of sample from each bioreactor was used for sugars, xylitol, glycerol, and ethanol determinations by high-performance liquid chromatography using a refractive index detector and Bio-Rad Aminex HPX-87 lead column (300 by 7.8 mm) at 85°C. The mobile phase was distilled deionized H 2 O at flow rate of 0.6 ml/min.
RESULTS
Aerobic coutilization of glucose and xylose. The capacity of S. passalidarum for xylose fermentation compared favorably with that of Scheffersomyces stipitis in shake flask studies (9), so we decided to characterize it further. Fully aerobic cultivation in defined minimal medium with a very low initial cell density (0.014 mg cdw/ml) resulted in little growth for the first 20 to 36 h. Subsequently, however, S. passalidarum used glucose or xylose at essentially the same rates when present individually or in a 50:50 mixture (Fig. 1) . No ethanol was formed under aerobic condi-tions. Cell yield was ϳ20% higher on glucose (0.67 g cdw/g) than on xylose (0.56 g cdw/g).
Preferential fermentation of xylose. Prior studies with S. stipitis have shown that native xylose-fermenting yeasts induce ethanol production under oxygen limitation (23) . The very long lag time observed with fully aerobic conditions led us to use higher initial cell densities and lower initial aeration rates. We strove to achieve the same initial oxygen-limited fermentative conditions in the bioreactor that were present in the shake flask used for inoculum propagation. We compared sugar consumption and ethanol production rates by S. passalidarum on CBS medium in duplicate bioreactors with either glucose or xylose as the carbon source ( Fig.  2A and B) . Immediately following inoculation, the cell mass was 1.23 mg/ml, and with air sparging, 150 rpm was sufficient to maintain dO 2 at the set point of 2.1% O 2 saturation. Initial growth rates during the air-sparging phase were 0.19 and 0.14 h Ϫ1 for glucose and xylose, respectively. Specific ethanol production rates were very low (glucose) or undetectable (xylose). After 7 h, cell densities reached 4.45 and 3.15 g/liter for glucose and xylose, respectively. At that point, the sparging gas was switched to 90% N 2 , 10% air. With agitation capped at 500 rpm and inlet oxygen capped at 2.1%, dO 2 decreased to low or undetectable levels as cell densities increased. Following the switch to oxygen limitation, specific growth rates fell by 2.5-to 5-fold, while specific ethanol production rates increased dramatically (Table 1) . During the oxygenlimited phase, cell yield on xylose was only about half of that observed with glucose, but the specific ethanol formation rate was three times higher. This resulted in significantly higher ethanol production with xylose, even though cell yield was notably lower (cf. Fig. 2A and B) .
Cofermentation of glucose, xylose, and cellobiose. During enzymatic saccharification and fermentation of pretreated lignocellulosics, the major sugars present are xylose and glucose, xylan oligosaccharides (from hydrolysis of hemicellulose), and cellobiose (from enzymatic saccharification of pretreated cellulosic solids). We therefore examined the cofermentation of cellobiose and xylose. In duplicate shake flasks, the xylose consumption rate was much greater than that for cellobiose, but after cells attained a density of Յ5 g/liter, oxygen limitation induced ethanol production. Cellobiose and xylose were coutilized at 0.49 and 0.94 g/ liter · h, respectively, and the volumetric ethanol production rate was 0.56 g/liter · h (Fig. 3) . In bioreactors, cellobiose and xylose were cofermented from the outset at very similar rates in the presence (Fig. 4A) or absence (Fig. 4B ) of 20 g/liter glucose. Prior to inoculation, dO 2 was 2.1%, but this declined to nearly zero shortly after inoculation. During the fermentation phase, dO 2 occasionally rose slowly to ϳ0.2 to 0.5% without an apparent effect on ethanol production or growth. In the absence of glucose, xylose and cellobiose were cometabolized at essentially similar rates until xylose was depleted at 48 h (Fig. 4A) . The rate of ethanol production declined significantly thereafter, but cell growth continued. In the presence of glucose, coutilization of cellobiose and xylose was delayed slightly in the first 15 h, but all three sugars were coutilized at very similar rates from 15 to 68 h, at which point all sugars were consumed and ethanol production ceased (Fig. 4B) . The maximum rate of ethanol production from a mixture of xylose and cellobiose was 1.07 g/liter · h, and from all three sugars it was 0.73 g/liter · h. Ethanol yields during the phase of maximum production rate were 0.43 g/g and 0.42 g/g for xylose-cellobiose and glucose-xylose-cellobiose mixtures, respectively. Overall volumetric productivities and rates (0 to 72 h) were 0.53 g/liter · h for the glucose, xylose, and cellobiose mixture and 0.58 g/liter · h for the xylose and cellobiose mixture.
Hydrolysate fermentation. MHH contained 1.8 times more xylose than glucose, and the AFEX hydrolysate contained ϳ2.3 times more glucose than xylose. Unlike the AFEX-treated enzymatic hydrolysate of corn stover, MHH did not contain significant amounts of acetic acid or cellobiose, and the glucose/xylose ratio was 35:65 at the start of the fermentation. Fermentation of MHH (Fig. 5A ) was compared to that of a sugar mixture (SM) designed to mimic the hydrolysate (Fig. 5B) . Almost from the outset, glu- Cells were cultivated at 30°C in 2,000 ml of defined minimal medium (CBS) with glucose (A), xylose (B), or a 50:50 mixture of the two sugars (C). Cultures were aerated with 1 vvm air and an agitation rate of 700 rpm. Symbols: open triangles, glucose; solid squares, xylose; circles, cell mass; diamonds, ethanol.
cose and xylose were cometabolized in the MHH, but utilization of xylose was delayed by ϳ12 h in the SM. During the bulk of the fermentation, glucose and xylose were coutilized at similar rates in both the MHH and SM media. Fermentation of the SM proceeded more rapidly to attain a peak of 40 g/liter ethanol in 38 h, whereas fermentation of the MHH required 59 h to attain 38 g/liter ethanol. During the fermentative phase (19.5 to 49 h), cell and ethanol yields were 0.19 and 0.34 g/g sugar consumed from the MHH, respectively, and 0.25 and 0.37 g/g consumed from the SM, respectively. The fermentation time with AFEX was relatively long (Fig. 6A) . Its initial acetic acid concentration was about 1.4 g/liter. Cells grew under these conditions but did not exhibit significant ethanol production until acetic acid was depleted at 3 days (Fig.  6B) . Xylose utilization was largely delayed while glucose was consumed, but after 6 days, strains adapted to growth in hydrolysate rapidly converted 84% of the xylose into 23 g/liter ethanol with a yield of 0.45 and 16% into xylitol.
Metabolome analysis. To better understand the regulatory and metabolic basis for S. passalidarum's preferential utilization and coutilization of xylose, we analyzed samples for relative metabolite abundance in cells cultivated on glucose or xylose at the ends of the aerobic growth phase and during the ethanol production phase (arrows 1 and 2, Fig. 2 ). At the end of the initial growth phase (arrow 1), levels of glucose 1-phosphate (G1P), glucose 6-phosphate (G6P), fructose 6-phosphate (F6P), fructose 1,6-bisphosphate (F16P), 2-phosphoglycerate (2PG), 3-phosphoglycerate (3PG), phosphoenolpyruvate (PEP), and pyruvate were all significantly higher when cells had been cultivated on glucose than on xylose (Fig. 7) . Likewise, 6-phosphogluconate (6PG), which is at the entry to the oxidative pentose phosphate pathway (PPP), and ␣-ketoglutarate (␣KG), which is derived from the tricarboxylic acid cycle, were higher on glucose at that time. Amino acids derived from these intermediates followed essentially the same patterns as their glycolytic or PPP precursors (see Fig. S1 in the supplemental material).
In contrast to these metabolites, levels of pentose phosphate (PP), sedoheptulose 7-phosphate (S7P), and, particularly, erythrose 4-phosphate (E4P) were higher at the end of the growth phase when cells were cultivated on xylose than when they were cultivated on glucose. Interestingly, cellular levels of phenylalanine, tyrosine, and tryptophan, which are formed from E4P and PEP, all followed the profile exhibited by E4P rather than that exhibited by PEP (see Fig. S1 in the supplemental material). In contrast, concentrations of histidine (which is derived from ribose 5-phosphate) followed the profile of 6PG rather than that of PP. Our analytical procedure was not able to distinguish among ribose 5-phosphate (Ri5P), ribulose 5-phosphate (Ru5P), and xylulose 5-phosphate (Xu5P), but although Ri5P is derived directly from 6PG, Xu5P is derived from phosphorylation of xylulose, so the pool of Ri5P might not be directly affected by growth on xylose like the concentrations of S7P and E4P are. Alanine also attained relatively high levels (ϳ50 mol/g cdw) that were of the same order of magnitude as those of glutamate, glutamine, and arginine (see Fig. S2 in the supplemental material). The greatest observed differences in metabolite levels occurred during the oxygen-limited fermentative phase (arrow 2, Fig. 2 ). With the exception of G1P, which is tied closely to growth through synthesis of cell wall glucans, levels of virtually all glycolytic, pentose phosphate, and trichloroacetic acid intermediates (except pyruvate) and the amino acids derived from them were higher on xylose than on glucose. ATP and ADP levels were higher on glucose than on xylose during the aerobic growth phase, but under oxygen limitation, ATP levels were about three times higher on xylose than on glucose (see Fig. S3 in the supplemental material). Ratios of reduced glutathione to oxidized glutathione stayed almost constant for each of the four conditions, but intracellular concentrations increased about 3.5-fold on xylose relative to those on glucose during the oxygen-limited fermentative phase.
DISCUSSION
S. passalidarum was originally isolated from the midgut of a passalid beetle that preferentially inhabits white-rotted hardwoods (30) . The midgut of wood-boring beetles is hypothesized to be oxygen limited, so evolution for growth under oxygen-limited conditions on mixtures of cellulosic and hemicellulosic sugars might be expected. S. passalidarum NN245 is the sole known teleomorphic isolate within the species, but other species in the Spathaspora genus and related anamorphic species such as Candida jeffriesii have been isolated and characterized. Spathaspora arborariae, which was isolated from rotting wood in the Brazilian Atlantic Rain Forest, is also capable of fermenting xylose (6, 7), but other members of the Spathaspora clade are not (2, 5). The yeast clade to which Spathaspora belongs is related to but distinct from that of Scheffersomyces (26) , which also includes a number of xylose-fermenting yeasts, including S. stipitis (16) . The capacity for producing ethanol from cellobiose is infrequent but occurs over a wide taxonomic range within the yeasts. Even so, the traits for xylose and cellobiose fermentation are variable within genera and even species. Although the capacity to ferment both xylose and cellobiose is rare among yeasts, the abilities to ferment xylose faster than glucose and to simultaneously cometabolize and ferment glucose, xylose, and cellobiose are believed to be unprecedented. Fermentation rates and yields for xylose and cellobiose fermentations by native strains of Spathaspora species exceed those by Saccharomyces cerevisiae strains engineered for these traits (see Table S2 in the supplemental material). Under fully aerobic conditions, S. passalidarum grew poorly at first on glucose or xylose. Once growth started, however, sugar utilization and cell growth rates were similar and aerobic coutilization of glucose and xylose was essentially simultaneous. We inferred that the cells underwent physiological adaptation to achieve full aerobic growth. Under typical low-aeration conditions, cells would grow and ferment rapidly, so the long lag under fully aerobic conditions was atypical. Cell yields on xylose, however, were only about 84% of those on glucose under fully aerobic conditions. The higher efficiency of cell growth on glucose was even more apparent under O 2 limitation (Fig. 2A) . Cell yield on xylose was only 55% of that on glucose (Fig. 2B) ; however, ethanol yield was 32% higher on xylose than on glucose, and the specific fermentation rate on xylose was 3.4-fold higher. This was in contrast to the nearly simultaneous coutilization of both sugars in a mixture under aerobic conditions, where no ethanol production was observed.
A lower net ATP yield for cells grown on xylose could account for the higher glycolytic flux under O 2 limitation. Hou reported a lower cell yield with S. passalidarum growing on xylose than on glucose (15) and suggested that S. passalidarum might use lowaffinity, low-capacity facilitated diffusion for growth under O 2 limitation and the high-capacity, high-affinity system during aerobic growth (28) . Previous studies have shown that Scheffersomyces stipitis induces respirofermentative growth and pyruvate decarboxylase under oxygen-limiting conditions (23, 31) . It seems likely that similar mechanisms for oxygen sensing could regulate transport as well. We observed maximal volumetric fermentation rates of 1.14 and 0.72 g/liter · h for xylose and glucose, respectively, and our maximal rates for xylose and cellobiose consumption in the presence of glucose were 0.55 and 0.57 g/liter · h, respectively, in minimal medium with urea as the nitrogen source. The specific rate of xylose fermentation was more than 3 times greater than the rate of glucose fermentation under conditions that allowed the induction of transcripts and enzymatic activities important for anaerobic or oxygen-limited metabolism.
Metabolite levels measured during oxygen limitation support the observation that glycolytic flux is greater in cells cultivated on xylose than those cultivated on glucose. Levels of glucose-derived metabolites were higher during the initial aerobic growth phase, but they dropped dramatically as cells shifted to fermentative conditions. By comparison, xylose-derived intermediates were significantly higher on xylose under either aerobic or O 2 -limited conditions. Cells cultivated under O 2 -limited conditions showed higher levels of ATP on xylose than on glucose. There are several possible reasons: (i) glycolytic flux is greater on xylose, (ii) ATP demand is lower, (iii) net ATP yield is higher, or (iv) regulation of
FIG 6
Fermentation of an AFEX hydrolysate by Spathaspora passalidarum AF2 in defined minimal medium (Slininger) . Fermentation was conducted in duplicate shake flasks (50 ml/125 shaken at 100 rpm). AF2 was cultured in a 125-ml Erlenmeyer flask containing 50 ml of AFEX hydrolysate medium at 100 rpm and 30°C for 5 days (optical density, above 40) and then transferred directly from the adapted flask into another flask containing the same AFEX hydrolysate medium. The initial targeted optical density at 600 nm was 0. ATP biosynthesis is different on glucose and xylose. Because cell yield was significantly lower on xylose than on glucose, a decreased ATP demand is probably the dominant effector.
The xylitol reductase (XR) of Scheffersomyces stipitis has about 70% as much activity with NADH as it does with NADPH (45). The capacity to recycle NADH to NAD ϩ under anaerobic or oxygen-limiting conditions can reduce xylitol production and increase the capacity for xylose assimilation (3, 17, 19, 22, 24, 29, 32) . Recently, Hou (15) reported that the crude XR activity of S. passalidarum has a 1.8-fold higher affinity for NADH than for NADPH. By comparison, the XR of S. stipitis shows a 1.6-fold higher affinity for NADPH. Moreover, the affinity of the crude XR activity for xylose is 3-fold higher with NADH than with NADPH. The xylitol dehydrogenase (XDH) activity of S. passalidarum also has a much higher affinity for xylitol than the corresponding enzyme from S. stipitis does (15) . These kinetic characteristics are much more favorable than those achieved with the best aldose reductase genes previously engineered for high selectivity and activity with NADH (19, 22, 29) , and they could account in large part for the high PPP, F6P, and F16P metabolite levels on xylose. The S. passalidarum genome contains two orthologs each for XYL1 and XYL2 (46), so it is not possible to determine from these Fig. 2A and B) . All units are mol/g cdw except for 6-phosphogluconate and sedoheptulose 7-phosphate, which are expressed as area units (area u)/g cdw. Fructose-1,6bP, fructose 1,6-bisphosphate; Fructose-6P, fructose 6-phosphate; Glucose 6P, glucose-6-phosphate; 6P-Gluconate, 6-phosphogluconate; Pentose P, pentose phosphate; Sed-7P, sedoheptulose 7-phosphate; Erythrose 4P, erythrose 4-phosphate; 2ϩ3 P-Glycerate, 2-phosphoglycerate plus 3-phosphoglycerate; Triose-P, triose phosphate; Acetyl CoA, acetyl coenzyme A. data which of these contributes more to the cofactor affinities measured in crude homogenates.
Most glycolytic regulation occurs metabolically, via allosteric mechanisms to determine the overall metabolic flux, rather than hierarchically, through changes in gene expression (8) . Thus, the relative affinities of enzymes for cofactors and substrates along with enzyme activities at modulated steps determine the overall flow of metabolites. Pyruvate kinase, which catalyzes the final step in glycolysis, is allosterically activated by F16P and is important for controlling levels of ATP, GTP, and glycolytic intermediates (18) . The affinities of NADH-coupled XR and NAD ϩ -coupled XDH would tend to drive both the oxidoreductase pathway for xylose assimilation and the reduction of acetaldehyde to ethanol. The strong xylose assimilation would likewise increase levels of F16P, thereby activating glycolysis via pyruvate kinase. This does not fully explain the higher cell yield and lower glycolytic activity observed with glucose-grown cells, but it does offer a model for further experimentation, and it begins to offer insight into how we might go about engineering rapid coutilization of these sugars.
We describe what we believe to be the first report of an organism capable of cofermentation of xylose and cellobiose in the presence of glucose. This ability makes S. passalidarum a potentially useful organism for SSF and an interesting organism for unraveling the regulatory mechanisms enabling bioconversion of lignocellulosic materials by yeasts.
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